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Introduction
One of the principal tenets of green chemistry is the use of atom efficient reactions that generate little waste [1] . Heterogeneous catalysts are a primary driver for the movement from traditional chemistry to more environmentally acceptable alternatives [2] .
Selective oxidation of hydrocarbons is an important value-creating step in the chemical industry.
Reactions such as the epoxidation of alkenes are a substantial basis of fine chemical production [3] .
For example propene oxide is used industrially in the production of polyurethane and propylene glycol [4] , ethylene oxide is used to produce ethylene glycol and various ethoxylates [5] , while cyclohexene oxide is used as an alicyclic chemical intermediate in the production of pesticides, pharmaceuticals, perfumes and dyes [6] or as a monomer in photoreactive polymerisation [7] .
Traditionally, oxidising agents such as CrO 4 2-, MnO 4 -, ClO 4 -or mCPBA are used in selective oxidations [8] [9] [10] [11] . These agents however, produce toxic, heavy-metal containing or chlorinated by-products, and the reactions are inherently atom inefficient. Air, accompanied by a selective heterogeneous catalyst, would be an ideal alternative selective oxidation reagent. Due to the strong nucleophilic character of O 2 , reactions with it can lead to over-oxidation of the desired product, or result in combustion to CO 2 [12, 13] . Another problem associated with heterogeneous catalysts in selective oxidation with O 2 is poisoning of the catalyst with C (s) [14] .
Selective Oxidation with H 2 O 2 is another possible alternative [15] [16] [17] . This reaction produces water as a by-product and is an inherently more atom efficient reaction than its traditional counterparts, thus allowing for a more environmentally benign oxidation. It is a less nucleophilic source of oxygen than O 2 and is therefore less likely to lead to over-oxidation of the desired product when used with a selective catalyst.
A major environmental drawback in the use of H 2 O 2 as a selective oxidant comes from its industrial production in processes such as the anthraquinone oxidation (AO) / Riedel-Pfleiderer process, which is currently the dominant production method [18] . The AO process involves sequential hydrogenation and oxidation of an alkylanthraquinone, using various organic solvents, and requires separation and purification steps. It is quite energy intensive and generates copious waste [19, 20] .
This results in production that is feasible only on a large scale. The high capital investment and operating costs associated with this process prohibit economical production of H 2 O 2 on-site at the end user facility and forces the process to be carried-out off-site, usually by a third party, and further introduces hazardous storage, transport and handling issues [19, 20] . Regarding selective oxidations, atomically dispersed titanium in a silica matrix has been well documented as a successful catalyst in alkene selective oxidation reactions using H 2 O 2 [24, 25] . For example, TS-1 efficiently converts small, linear alkenes to their corresponding epoxides and is used, with H 2 O 2 industrially, in processes such as the Eniricerche process [26, 27] and the Degussa-HulsHeadwater process [28] . Initial reports on epoxidation reactions where the oxidant is in situ generated H 2 O 2 involved TS-1 supported Au [29, 30] or Pd [31] nanoparticles as catalysts. These displayed good selectivity for propylene oxide formation in gas phase reactions.
While TS-1 is an ideal candidate for epoxidation of small linear alkenes with H 2 O 2 , it has been reported to be less successful for large bulkier alkenes [32, 33] and this has been attributed to size/ diffusion limitations associated with its microporous structure. Larger mesoporous titanium silicates have been shown to alleviate this size/ diffusion limitation, in reactions using H 2 O 2 . Preparation of Ticontaining mesoporous silicas, such as Ti-MCM [34] and Ti-SBA-15 [35, 36] , have been extensively documented. It has also been reported that isolated, tetrahedral Ti is necessary to promote these epoxidation reactions [37] , while bulk TiO 2 enhances the decomposition of H 2 O 2 [38] . Various techniques for incorporation of such atomically dispersed titanium into the matrix of, or onto the surface of, silica frameworks have been reported, including; direct synthesis [39, 40] by simultaneous condensation of both Ti and SiO 2 sources and post modification of pre-prepared mesoporous silicas by grafting of either Ti alkoxide precursors [41] or gas-phase TiCl 4 [42] to the silica surface.
Epoxidation of propylene using in situ generated H 2 O 2 has been successfully achieved, primarily in the gas phase, using TS-1 based catalysts [43] [44] [45] [46] or, less often, with Ti-mesoporous silica materials such Ti-MCM-41 and -48 by Haruta [47] or Ti-SBA-15 by Nijhuis [48] . Liquid phase selective oxidations of propylene over TS-1 have also been achieved [49, 50] but in situ epoxidation reactions of more complex alkenes is less documented although Laufer and Hoelderich extended their TS-1/propylene work to include epoxidations of styrene and also pinene over a Ti-MCM-41 based catalyst [51] .
Our study aimed to create a mesoporous catalyst which could selectively oxidise cyclohexene, in the liquid phase, to its corresponding epoxide using in-situ generated H 2 O 2 . This involved preparation of a mesoporous titanium silicate material to carry-out selective oxidation of an alkene, and to also act as a support for Au or Au-Pd alloy nanoparticles, which in turn catalyse H 2 O 2 production from H 2 / O 2 mixtures.
SBA-15 and MCF were chosen as the mesoporous silicas. These materials have distinctly different pore morphologies from one another: SBA-15 pores are long channels whereas MCF has an open, sponge-like, pore structure. Two methods for incorporation of the reportedly active isolated Ti sites were employed; post-grafting [41] and simultaneous/ co-condensation [59] .
Au and Au-Pd alloy nanoparticles, stabilized by 4-dimethylaminopyridine (DMAP), were chosen to catalyse H 2 O 2 production. These were prepared in an aqueous phase using a variation on a method previously reported by this group for preparation of DMAP stabilised Pd nanoparticles [52] . This method is more environmentally friendly than the typical method used for preparation of Au/DMAP nanoparticles, first reported by Caruso [53] which involves toluene as a solvent and a phase transfer step.
The selective oxidation of cyclohexene was used as a probe reaction to test the reactivities of these catalysts. Cyclohexene has a bulky chair-conformation and efforts to catalyse its epoxidation using In-situ reactions were also carried out in a 300 mL high pressure vessel. The reactor was charged with O 2 and 3 % H 2 in Ar, to give an O 2 :H 2 ratio of 2:1, at an operating pressure of 54 bar.
Cyclohexene (10 mL, 98.7 mmol) and dioxane (2 mL, 23.4 mmol) in methanol (60 mL) was used with while the level of oxidation products was determined using a Shimadzu GC-17a.
In certain cases spent catalysts were characterised by TGA and elemental analysis to monitor for organic deposition and metal leaching respectively. Catalyst recycling involved drying the recovered catalyst for a set time at 120 °C before re-use. Characteristic open-pored channels can be seen in all three images of SBA-15 containing analogues.
Thicker/ denser pore walls can be observed in the SBA-15 catalyst modified by co-condensation when compared to the Ti-SBA-15 and parent SBA-15 materials. This can be correlated with the smaller pore size of co-Ti-SBA-15, seen from physisorption analysis ( Table 2) . From EDX analysis it was found that the Ti content of co-Ti-SBA-15 was lower than that of Ti-SBA-15, so this change in the wall-to-open-channel ratio would suggest that incorporation of Ti atoms within the SBA-15 framework has a greater effect on the pore geometry than modification of the surface of the pore with Ti, irrespective of Ti content.
It is also notable that while SBA-15 type titanium silicates have well defined pore channels, MCF materials have less order to their structures and that this may have an effect on diffusion into and out of the pores and this might be reflected in their relative reactivities (see later).
DMAP Stabilised Nanoparticles

UV-Visible spectrometry
In the UV-Vis spectra of the different nanoparticle dispersions shown in figure 3 , it is possible to identify the characteristic band associated with surface plasmon resonance (SPR) of Au nanoparticles [58, 59] , in the Au/DMAP spectrum at 555 nm. This SPR band persists, though slightly shifted to 535 nm, when the monometallic Au/DMAP and Pd/DMAP nanoparticle dispersions are mixed together and a spectrum recorded. There is no SPR band present in the bimetallic Au-Pd/DMAP spectrum and this suggests there are no discrete Au nanoparticles in the bimetallic dispersion but rather an alloy or core-shell structure containing both Pd and Au has been formed [60, 59] . Supporting the nanoparticles on mesoporous silica did not affect the SPR band in the spectra of the different nanoparticle dispersions.
XRD of SBA-15 Supported Nanoparticles
From the XRD analysis of the supported nanoparticles (see figure 4) , it is possible to identify, several peaks associated with different FCC reflections of Au nanoparticles [61] and 111 reflections of Pd nanoparticles [62] . The bimetallic nanoparticle's, Au-Pd/SBA-15, profile closely resembles that of the monometallic Au nanoparticles. This result has previously been reported for alloys of Au-Pd nanoparticles with a thin Pd shell and a thick Au core [63, 64] .
The broader 111 peaks of the Pd and Au-Pd particles in the XRD profile indicate these have smaller particle diameters than the analogous Au nanoparticles (which display a much narrower 111 peak).
Calculations using the Scherrer Equation suggest Au nanoparticles are on average 7-8 nm in diameter while Pd and Au-Pd nanoparticles are smaller, having a range of 3-4 nm. These results mirror those determined using TEM analysis (see below).
TEM
From TEM imaging of the SBA-15 supported nanoparticles in figure 5 , it is seen that the nanoparticles appear to sit on the outer surface of the silica. Comparing BET measurements of the SBA-15 pore size (5 nm) with particle size measurement for the nanoparticles suggests that the Au nanoparticles are too large to fit in the pores. The Pd and Au-Pd nanoparticles are a similar size to the pores but also do not appear to enter the pores.
This may benefit the resultant material in that it will not result in the blockage of the pores by the nanoparticles. This would obstruct reactant and/or product diffusion into and out of the material in particular to the Ti-sites (more of which would statistically exist within the pores) during the in-situ reaction over the Ti-modified SBA-15 analogues. For the MCF supported nanoparticles, displayed in figure 6 , this is not an issue due to the significantly different pore morphology of the support (19 nm pore diameter).
TEM images of the SBA-15 supported nanoparticles showed that the Pd and Au-Pd nanoparticles were similar in size; ~ 3.5 ± 1 nm (N= 188 and 195, respectively) while the Au nanoparticles were larger; 7.7 ± 2 nm (N= 191).
Activity of Titanium Silicates in Selective Oxidation of Cyclohexene using H 2 O 2 (aq)
Firstly with these reactions it should be noted that our conversions of cyclohexene were approaching the limit that would be expected given the [H 2 O 2 ] used but we were quite a distance away from a carbon balance. We ascribe this to the formation and escape of CO 2 Given there is an order of magnitude more cyclohexene in the system than Ti, we suggest that the Ti mesoporous SiO 2 catalysts may be catalysing the polymerisation of cyclohexene. Similar behaviour has been noted in related systems previously [65] [66] . An analysis of this is beyond the scope of the current work which is looking specifically at the selective oxidation reaction.
Conducting cyclohexene oxidation reactions at 60 °C, it was found that cyclohexanol was in general the most abundant selective oxidation product, followed by cyclohexene oxide and then cyclohexeneone. Ti-MCF was the most active catalyst (see table 3 ). All catalysts displayed similar selectivities, with cyclohexenol as the main product, followed by the epoxide and small quantities of cyclohexenone. These small amounts of cyclohexenone were not detected until after at least 6 h of reaction, while the bulk of the epoxide and cyclohexenol were formed within the first 6 h. No diols were detected from reactions over any of the catalysts.
It is worth noting that while Ti-MCF has the highest Ti content, it did not generate greater cyclohexene oxide yield and had a lower TON (when activity is related to [Ti] ). Conversely, co-Ti-SBA-15, with a far lower Ti content, had the lowest yield of partially oxidised products but the highest TON for all products.
Interestingly, H 2 O 2 was no longer detected in the reaction solution after 1 h for most reactions, as (see figure 7) . In this aspect co-Ti-SBA-15 was the exception, in that measurable concentrations of H 2 O 2 remained for the duration of the reaction. Despite this lack of "free" H 2 O 2 in the reaction mixture, in all cases product formation continued throughout the course of the 24 h experiment. We conclude that this is related to the initial formation of a titanium hydroperoxo/superoxo species following addition of H 2 O 2 (noted by a change in catalyst colour from white to yellow upon contact with H 2 O 2 ) and that this species endures long after "free" H 2 O 2 in solution has decomposed. These titanium hydroperoxo species have previously been widely reported using EPR and UV-Vis analysis [67] [68] [69] and we assume they can act as stoichiometric oxidising agents following their formation.
An increase in temperature to 80 °C was found to have little effect on the activity of Ti-MCF. For the Ti-SBA-15 and co-Ti-SBA-15 catalysts, activity increased at higher temperature with little changes in selectivity.
A further increase in reaction temperature to 95 °C (see Notwithstanding their increased activity in H 2 O 2 production relative to the monometallic analogues, the bimetallic catalysts were found to promote hydrogenation of the alkene with no oxidation products detected. This implies that the bimetallic alloys contain some surface Pd which catalyses alkene hydrogenation [70, 71] . This might be indicative of the formation of Au(core)-Pd(shell) nanoparticles. We base this belief on the known reactivity of Pd as a hydrogenation catalyst relative to the reported activity of Au in the same reaction. We assume that this change in selectivity is a kinetic effect related to the different rate constants associated with the H 2 +O 2 and the H 2 +cyclohexene reactions.
In general, in the presence of H 2 and O 2 mixtures the conversion of cyclohexene is significantly lower than was the case in the presence of H 2 O 2 . The Au nanoparticle catalysts (which were less active in the production of H 2 O 2 ) are the more successful in promoting the in situ selective oxidation of an alkene. The Au/SBA-15 containing catalysts were more active than their Au/MCF counterparts. The
Au/Ti-SBA-15 was the most selective catalyst (in terms of the formation of the epoxide product) and, along with the MCF analogue, had increased selectivity towards the epoxide in comparison to reactions over the same catalysts using H 2 O 2 (aq) .
We cannot neglect the possible reactivity of Au here in promoting the direct reaction between the alkene and O 2 (as Au nanoparticles are known to be active oxidation catalysts) and further studies are ongoing in looking at this particular facet of the reaction.
Catalyst recycling and analysis of post-reaction materials
We have studied the recycling of the materials using a series of repeat selective oxidation reactions using H 2 O 2 (over Ti catalysts) and H 2 / O 2 (the in situ reaction over selective Au-loaded materials) as oxidising mixtures. When the activity results are normalised to TON (to allow for catalyst loss during the recycling step) in the former reaction, the overall production of selective oxidation products decreases. This is less noticeable over the MCF material. However, selectivity towards the production of epoxide increases (see table 6 ). In the in-situ reaction over the Au analogues the normalised activity is somewhat increased upon recycling and again selectivity to cyclohexene oxide is increased. using TGA to determine the nature of any adsorbed species deposited onto the catalyst during reaction. TGA (and MS analysis of the TGA exit-gas, results not shown) has demonstrated that the material deposited was hydro-carbonaceous rather than graphitic in nature (combusting from the surface between 300 and 400 °C rather than the 600 °C that would be expected of graphitic material). This in turn shows that deposition of C(s) does not take place (as has been seen in other heterogeneous selective oxidation processes) [14] . Future work will look at a furtehr characterisation of this material.
Conclusion
Ti-containing mesoporous SiO 2 catalysts were used as supports for Au, Pd and Au/Pd metallic nanoparticles in the selective oxidation of cyclohexene using H 2 (g) + O 2 (g) mixtures. In these hybrid materials the function of the nanoparticles was to form H 2 O 2 from the gaseous components and the function of the Ti-containing support was to use this to selectively oxidise the alkene.
The nanoparticles and the Ti-containing mesoporous materials both, to certain extents, catalysed the individual reactions of interest but the most active materials in H 2 O 2 production did not prove to be the most selective in the combination in situ selective oxidation reaction. This change in selectivity (which resulted in the formation of cyclohexane) was ascribed to a hydrogenation reaction on exposed Pd surfaces.
The in situ selective oxidation of cyclohexene was found to be more active and selective regarding the formation of epoxide than the corresponding reactions using H 2 O 2 (aq) . In the latter reactions a significant amount of cyclohexene was lost from the reaction mixture and it is thought that this may relate to polymerisation on the surface.
Future work will involve optimisation of the in situ conditions to maximise the activity and selectivity of each catalyst, study the reactivity of the Au nanoparticles in the direct selective oxidation as well as further attempts to characterise the Au/Pd nanoparticles. Table 2 . BET surface area and porosities of unmodified and Ti-modified mesoporous silicas. 
